I. INTRODUcnON
The process of salt accumulation by plant cells is generally accompanied by an enhanced respiration. Various workers (Lundegardh 1945; Machlis 1944; Milthbrpe and Robertson 1948) have shown that, with cereal root cells in salt solution, respiratory poisons-cyanide, azide, malonate, and iodoacetate-inhibit both the salt accumulation and a part of the total respiration. It has further been shown that, in root cells of wheat, barley, carrot, and red beet, the salt respiration and the salt accumulation are completely inhibited by cyanide, while the respiration in water is not inhibited or partially inhibited (Lundegardh 1945; Robertson and Turner 1945; Robertson, Turner, and Wilkins 1947; Milthorpe and Robertson 1948) . It has been assumed in the above papers that the cytochrome-cytochrome oxidase system mediates the cyanide-sensitive respiration of all the tissues investigated, and is also linked in some way to the process of salt accumulation. Lundegardh's theory of salt accumulation is based upon the assumption that such a linkage exists. This assumption has yet to be proved. Marsh and Goddard (1939) have already shown, by the use of the inhibitor carbon monoxide, that cytochrome oxidase mediates a large part of the total respiration of carrot root cells immersed in a phosphate buffer solution.
In the present paper the authors report experiments planned to discover whether the enzyme system whose activity was shown to be essential for salt respiration and accumulation in carrot cells (Robertson and Turner 1945) is in fact the cytochrome system. Carbon monoxide has been used as a specific inhibitor.
withdrawn and replaced by pure O2 to give the required gas mixture. Nitrogenoxygen mixtures were obtained commercially or prepared from pure N2 and O2 by displacement methods. Most of the gas mixtures were analysed after completion of each experiment. The evacuation procedure of Umbreit, Burris, and Stauffer (1945) was used to supply mixtures of CO and O2 to both the Warburg vessels and the accumulation flasks. To avoid vessel breakages, N2-02 mixtures were sometimes supplied to the Warburg flasks by passing a rapid gas stream through the tap and flask and out of the loosened side-arm stopper tor approximately 8-9 minutes while shaking the flask. The side-arm was then closed before stopping the gas stream. No difference was noted in the results whether this or the evacuation technique was used. The evacuation procedure per se was shown not to alter the respiration rate of the discs. Levy and Schade (1948) report a small oxidation of CO proceeding on the alkali-soaked filter papers in Warburg vessels. This was not found to occm here at 25°C.
Both Warburg vessels and accumulation flasks were shaken at 117-124 strokes/min. (3 cm. excursion); increase in shaking rate from 100 to 120 strokes/min. caused no increase in respiratory rate in an atmosphere of 5 per cent. O2, the lowest O2 concentration used. After each experiment the solutions bathing the discs were examined, and the discs tested for turgidity.
Illumination for the reversal of CO inhibition was supplied as below. Light meter readings given have been corrected for colour sensitivity.
"Full" light: a 400 W. mercury vapour lamp giving 350 foot-candles at the bottom of the vessels. "Blue" light: by passing the mercury light through a cuprammonium sulphate filter solution, giving 180 foot-candles at the bottom of the vessels. (Composition: Hg emission bands at 436, 408, and 405 m"" only.) "Red" light: a 1000 W. tungsten filament light with an aqueous safranin filter, giving 117 foot-candles = 65 per cent. intensity of "blue" light.
(Composition: a broad region, 590-700 m"" approximately, maximum at 650 m"".) Darkness was obtained by wrapping vessels in black cloth. In each experiment, respiration and accumulation rates were first established at steady levels or as steady drifts in air, before applying any treatment. Respiration rates in air and in various treatments were obtained by extrapolating the steady level or drift, once attained, backward or forward to the moment of applying the treatment, to give initial or final rates, respectively. This is the only way in which a true comparison of rates under two different conditions may be made on the one set of tissue, in which the respiration rate is drifting. Rates in CO-02 gas mixtures in the dark are comparable with control rates in N2-02 only at the moment of supplying the gases, since there is a different rate of fall of O2 content, due to respiration, in the two mixtures.
Results are expressed as percentages of the appropriate control rates; such percentage values are, of course, comparable only within anyone experiment. In calculating these percentages, the small differences in the initial rates in air were allowed for by correcting to the mean value. Each experiment was done at least twice; each treatment within an experiment was duplicated wherever possible.
III. RESULTS (a) Phloem and Xylem Parenchyma
The behaviour of the phloem and xylem tissues in the present work confirmed Turner and Hanly's (1949) observation that the respiration of the tissues is qualitatively similar. They also found the xylem to respire at a lower rate than the phloem on a fresh weight basis, but at the same rate on a protein nitrogen basis. ( b) Respiratory Quotients A few experiments to determine the RQ. of carrot discs respiring in water and in salt solutions yielded results confirming those of Turner and Hanly (1949) . The RQ.'s in KCI and in KNOa solutions and in water were not significantly different from unity. If this tissue were similar in behaviour to the barley roots used by Ulrich (1941) , this would indicate that these anions and cations were being absorbed in approximately equal quantities.
(c) Inhibition of Respiration by Cyanide
The respiratory behaviour of the tissue used in this investigation is somewhat different from that in the earlier work (Robertson and Turner 1945) in which the respiration of discs which had been aerated in water for more than 120 hours was unaffected by KCN. Cutting the discs always induces a cyanidesensitive wound respiration; the persistence of this depends on the season in which the carrots are dug, their age, and, to a much smaller extent, the temperature during aeration.
It is seen from Figure 1 that the tissue used here showed, at all times from cutting, a water respiration partially sensitive to KCN, similar to that of the type B carrots described by Turner and Hanly (1949) . The respiration in distilled water thus consists of two qualitatively different fractions, one stable towards inhibitors (e.g. KCN), the ground respiration; the other similar to the cyanidesensitive salt respiration.
(d) Carbon Monoxide Inhibition of Respiration
Quantitative comparisons of respiration rate in CO-02 and N2-02 mixtures are valid only where the same O2 concentrations exist in both. With the available apparatus, difficulty was experienced in early experiments in obtaining the same O2 concentration in both mixtures. Some of these results are useful qualitatively, however, to show the general effect of supplying the gases to tissue respiring under various conditions. The O2 concentration in the N2-02 control gas was always lower than that in the CO-02 mixture; thus CO inhibitions appeared smaller than they really were. Figure 2 it is evident that the total respiration of carrot discs in a salt solution is partially inhibited by CO, the effect exceeding greatly that of decreasing O 2 concentration alone. Strong illumination reverses the inhibition occurring in the dark.
Figure· 3 shows that, with gas mixtures of higher O2 concentration, it is possible to obtain CO-inhibition of the salt respiration, while the respiration in water remains unaffected. Figures 2 and 4 illustrate the similarity of the effect of CO upon the respiration of both xylem and phloem tissue. The extent of inhibition by CO was similar for tissue in both KCl and KNOa solution, as shown in Table 1 . Respiration rate (cu. mm. 02/g. f. wt./hr.) From the ~xperiments illustrated by Figure 4 , in which the O2 concentration was the same in both the gas mixtures, it was evident that the "ground" or cyanide-stable respiration was stable towards CO as well as to cyanide. As illustrated by the data in Table 2 , the total respiration of tissue in water was always partially sensitive to CO-5 per cent. O2, and to KCN, indicating the persistence of a fraction of the respiration similar to the salt respiration. The salt respiration itself was in every case inhibited by CO.
The variation in response of the tissue towards O2 concentrations lower than 21 per cent. depended on the discs from each carrot, and particularly on their respiration rate. In tissue with respiration rates below 60-70 pl. 02/g .. f. wt./hr., N2-02 mixtures with only 5.5 per cent. O2 frequently caus~d no depression of respiration rate. The respiration of tissues which respired at higher rates in air was generally depressed in O2 concentrations of 5-9 per cent., the slow fall in rate occurring gradually along a hyperbolic curve or straight line irrespective of the method used to supply gas mixtures to the tissue. This contrasted with the rapid depression to a steady rate generally occurring in CO-Oil mixtures.
(e) Relative Affinities of Enzyme towards CO and 02
Since CO competes with O2 for the enzyme affected, its inhibiting action is always only partial, and the fraction of the total respiration mediated by the sensitive enzyme cannot be directly determined. Since the inhibitory action of KCN upon cyanide-sensitive enzymes is non-competitive, it can be made almost respiration was inhibited by CO. Calculation of the relative affinity of the enzyme towards O2 and CO helps to identify the enzyme concerned. Warburg (1927) evolved a formula to give an approximate measure of the relative affinity; while the limitations of this formula must be recognized, it has been used 
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here because it has been used widely by other authors with whose work these results are to be compared. Warburg showed that substrate saturation of the enzyme (i.e. maximum rate of operation) is necessary to estimate correctly this relative affinity; hence a high salt concentration, O.IM KCI, was used to ensure maximal salt respiration (Robertson and Wilkins 1948) , though we do not know that this necessarily ensures substrate saturation. The ratio of affinities of the enzyme towards O2 and CO was expressed by the partition constant, K?
where 1 = the total cyanide-sensitive respiration in the control N2-02 atmosphere, and n = the fraction not inhibited by CO; Pco and P02 are the partial pressures of the gases in the mixture. Since an appreciable fraction of the respiration of carrot cells is cyanide-stable, K was calculated from the cyanidesensitive respiration alone. Some data, with the respective values for K, are given in Table 2 . A typical experiment yielding such data is illustrated in Figure 4 . The cytochrome oxidase mediating the respiration of yeast has a partition constant of from 4 to 13, depending on the extent of inhibition of the respiration (Warburg 1927) . The "constant" decreases as the percentage inhibition increases (Winzler 1943) . This is because Warburg's equation does not allow for the relative capacities and rates of the individual reactions comprising the chain of terminal oxidation processes; thus K is not the true 02-CO partition constant but varies with the extent of inhibition. It is seen that the values of K based on the cyanide-sensitive respiration in carrot tissue lie within the same approximate limits, 2.5-6.2 for tissue in salt solution and 7.5-14 for tissue in water. According to Oppenheimer and Stern (1939) , under conditions in which cytochrome oxidase gives values of 7-30 for the ratio CO: O2 at 50 per cent. inhibition, polyphenol oxidase gives a value of 1.5. Levy and Schade (1948) found that an 80 per cent. CO-20 per cent. O2 mixture completely inhibited the action of potato tyrosinase in vitro, while inhibiting by less than 20 per cent. the cytochrome oxidase-carried respiration of potato tissue slices. The above discussion indicates that the cyanide-sensitive respiration in carrot tissue could be mediated by cytochrome oxidase. Values of K calculated from CO-inhibition of the total respiration, however, were more variable and always high; from inhibition of the total respiration in water in particular, values often approached 100 or more; from inhibition of the total respiration in salt solution, values ranged from 19 to 29 with a mean value at 24.
(f) Light Reversibility of the CO Inhibition of Respiration.
It is shown clearly in Tables 1 and 2 and Figures 2, 3, and 4 , that the respiratory inhibition by CO in darkness is reversed by strong light. In the experiments where the O2 concentration was the same in CO-0 2 and N 2 -0 2 mixtures, the reversal caused by the full mercury light was almost complete, the respiration rates returning to within 80 to 100 per cent. of the control rates.
Blue light is eHective in reversing CO inhibitions, but red light of wavelengths greater than 590 mft is not eHective, as shown in Table 3 . While the red light was of lower intensity than the blue, a partial reversal of inhibition relative to the blue eHect would have been expected if the spectrum of the inhibited enzyme had displayed strong absorption bands in the red. The CO-enzyme complex evidently absorbs the blue light (which consists principally of 436 mft) strongly, but does not absorb the red at all. This is in agreement with the reported spectrum of the cytochrome oxidase-CO complex (Melnick 1942) . (g) CO Inhibition of Accumulation The accumulation of salt ions by the cells was shown previously (Robertson and Turner 1945) to be inhibited completely by KCN. The eHect of CO llPon accumulation has not previously been investigated (>. Experiments given in Table 4 and also illustrated by Figure 5 showed that accumulation was markedly inhibited by CO and that the inhibition was reversed by light. Partition constants for the ratio of affinities to O 2 and CO of the COsensitive enzyme upon which accumulation is dependent were calculated by Warburg's formula, as above. The partition constants (2.9-5.6) are similar to those obtained for the cytochrome oxidase mediating the salt respiration. t Hence, as had been previously assumed, both the ion accumulation mechanism i and the salt respiration in carrot root tissue are dependent upon the cytochrome system. IV. DISCUSSION These results provide the link between the work of Marsh and Goddard (1939) and that of Robertson and Turner (1945) . The assumption made earlier that the cyanide-sensitive salt respiration in carrot root cells is mediated by the cytochrome system is evidently correct. All the above evidence indicates that the cytochrome-cytochrome oxidase system and no other oxidase o A personal communication from Professor H. Lundegardh received while this paper was being prepared indicates that this has recently been investigated in his laboratory. system at present known is involved. That cytochrome oxidase is present in carrot tissue has been shown recently by Rowan· (personal communication), thus confirming earlier unpublished reports (see Robertson and Wilkins 1948) . Rowan has demonstrated the presence of a cytochrome oxidase in the suspended sediment obtained from strained, centrifuged carrot root brei. It was active in oxidizing p-phenylenediamine only in the presence of added cytochrome c; the oxidatiQn was photoreversibly inhibited by CO and the partition constant was approximately 4. Data from CO inhibition of the cyanide-sensitive fraction of the respiration of discs in water yield values of K greater than those for the respiration in salt solutions. This is due to the operation of only a fraction of the total available cytochrome oxidase, and is presumably equivalent to lack of substrate saturation.
The high values of the partition constant K when calculated from COinhibition of the total respiration are due to the inclusion of CO-stable' ground respiration in the values for the residual fraction n, since, on the tissue used here, the ground respiration is usually a major part of the total in the presence of CO. . Marsh and Goddard (1939) buffer. They are higher than those found here for the cyanide-sensitive fraction alone, due to the inclusion of the ground respiration in values of n, but they are lower than those obtained here for the total respiration in the presence of salt. It is evident that, in their carrots (var. Nantes Coreless), the ground respiration is a distinctly smaller fraction of the total than in those used here. Only two figures are given for the ground or cyanide-stable respiration in the "Type A" carrots used for their. carbon monoxide experiments; these were obtained with tissue in 8 x 1O-4M KCN, a concentration just sufficient to produce maximal inhibition in the tissue used here. In Table 5 , their data and data from several of the authors' experiments with tissue in KCI solution are compared. It is clear that values of K obtained from the cyanide-sensitive fraction alone are quite similar for the two tissues. Thus the cytochrome oxidases operating in the two varieties of carrot can be considered similar in nature. The presence of a large cytochrome oxidase fraction in the respiration of their freshly cut tissue is evidently due in part to its immersion in phosphate buffer, inducing· a small salt respiration, and also in part to the wound effect following cutting. In relation to wound effects, it is significant that their discs were cut by hand to a thickness of 0.5 mm., having thus a much larger surface to volume ratio than those used here.
Carrot Tissue var.
Nantes Coreless (Marsh and Goddard 1939) Danver's Half-Long The stability of the ground respiration towards carbon monoxide and cyanide and the high partition constants obtained from data on CO-inhibition of total respiration indicate that the ground respiration is not mediated by the cytochrome system. This means either that the ground respiration is mediated by an oxidase system other than cytochrome oxidase or that, as Ball (1942) suggests, the cytochrome oxidase-cyanide and the cytochrome oxidase-carbon· monoxide complexes might continue, with their reduced redox potentials, to effect the oxidation of flavoprotein directly without the mediation of the cytochrome pigments. This might account for an apparent ground respiration in the presence of cyanide, but the carbon monoxide-oxidase complex could not operate in this manner, which suggests that the ground respiration is mediated by a system other than cytochrome oxidase. In any event, both cyanide and carbon monoxide inhibit the normal operation of the complete cytochrome respiratory system as such-i.e. the stepwise passage of electrons from reduced fiavoproteins along the chain of the cytochromes finally to the oxidase and oxygen-which would be sufficient to account for the inhibition of accumulation, according to Lundegardh's hypothesis.
The accumulatory mechanism is evidently dependent on the energy of the salt respiration mediated by the cytochrome oxidase system, which does not seem to be involved in the ground respiration. Under the conditions of the present experiments, the accumulation of KCI is inhibited by CO in the same way, quantitatively, as the salt respiration which is directly linked to the cytochrome system. The results reported here are thus consistent with Lundegardh's hypothesis of ion accumulation (1945).
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